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Abstract 
A study has been made concerning the influence of short randomly oriented steel and polypropylene fibers on the fracture of 
cement mortar. With regard to the steel fibers, different fiber volume fractions were considered and the results obtained indicated 
an increase in the J-integral values, at the onset of mortar cracking and at maximum load, as the fiber content was increased. This 
improvement in the toughness level was attributed to the fiber bridging effect which enhances the capacity of the reinforced 
mortar to deform and hence to sustain higher load than that sustained by plain mortar. Compressive strength and modulus of 
elasticity also were improved due to the presence of steel fibers whose elastic modulus is much higher than that of the mortar.
The use of short polypropylene fibers reinforcing elements was also associated with an appreciable improvement in the mortar’s 
toughness as well as in its flexural strength. However, consistent with their low elastic modulus, the polypropylene fibers resulted 
in reducing the mortar’s compressive strength.  
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1. Introduction 
Concretes and mortars are brittle materials characterized by low tensile strength and low capacity for 
deformation. The presence of fibers as reinforcing elements results in an increase in ductility and hence the capacity 
of the reinforced materials to sustain tensile loads can improve, thus leading to higher toughness. This toughness 
effect is mostly attributed to fiber bridging across cracks developed in the brittle matrix, so providing for post-crack 
ductility. 
 
A wide variety of natural, metallic and polymeric fibers have been used with cementitious matrices. To overcome 
the construction problem in developing countries, several research programs have been carried out since 1979, as 
indicated by Ohayon and Ghavami (2012), using indigenously local materials such bamboo, vegetable fibers, soil, 
quick lime and cement mortars. Bamboo pulp, sisal and coconut fibers were adopted as reinforcing elements in 
cementitious matrices, consisting of paste, mortar or concrete, by Fujiyama (1997), Toledo (1997), Rodrigues 
(1999), dos Anjos (2002), Brescansin (2003), Sales (2006) and Campello (2006). The mechanical behavior of 
produced composites was evaluated with satisfactory results. 
 
Numerous studies carried out by Haktanir et al. (2006), Kitamura (2006), Sivakumar and Santhanam (2007), 
Ozyurt et al. (2007), Freitas (2009), Marar et al. (2011) and Abu-Lebdeh et al. (2012) were also made in order to 
determine the influence of short steel fibers, polymeric fibers or hybrid combinations of both fibers on the 
mechanical behavior (compressive strength split tensile strength and flexural strength) of concretes. The results were 
presented in comparison with those obtain for the non- reinforced concretes. 
 
The main purpose of the present work was to study the effect of short carbon steel and polypropylene fibers on 
the fracture behavior of Portland cement mortars, by determining appropriate toughness parameters compatible with 
the inelastic nature of reinforced mortars. Accordingly, J-integral values at fracture initiation and at maximum load 
were determined for both plain and reinforced cement mortar. Evaluation of the dependence of toughness levels on 
the fiber volume fraction was also undertaken, as well as the variation of the load carrying capacity with the fiber 
volume fraction in both compressive and flexural loading.   
2. Materials and Experimental 
A mixture of Portland cement (CP II F32) and dry washed sand in the ratio of 1:1 was used to produce the 
cement mortar with a water/cement ratio of 0.35. The sand particles had a maximum diameter of 2.3 mm, apparent 
specific gravity of 2.65 and fineness modulus of 2.31. 
 
Plain carbon steel fibers (0.23 mm in diameter and 25 mm in length) in three volume fractions (0.007, 0.014 and 
0.02) and polypropylene fibers (0.1 mm in diameter and 25 mm in length) in a unique volume (0.007) were used as 
reinforcing elements for the cement mortar. The fibers were thoroughly mixed with the mortar in the fresh state so 
as to obtain a homogeneous pulp which was then cast in appropriate molds for both compression and bend 
specimens. The specimens were taken off the molds after 24 hours and immersed in water for 35 days. 
 
Compression test specimens were 50 mm in diameter and 100 mm in height. Prismatic bars (300 mm x 50 mm x 
50 mm) were used for the bend tests. For the toughness tests, parallel sided notches were introduced in the prismatic 
bars to a depth of 25 mm and with a notch root radius of 0.5 mm.  
 
The prismatic bars were loaded in three point bending (rate of 75 N/s and loading span of 270 mm) and the 
specimen deflection was measured making use of a linear variable differential transformer (LVDT). The load 
carrying capacity was evaluated for both plain and reinforced mortars. In the sequence, the load-displacement curves 
were used to obtain toughness parameters.  
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3. Results and Discussion 
3.1. Compression Tests 
Typical examples of the compression loading curves are presented in Figs. 1 and 2, for the plain and reinforced 
mortars. The axial strain, İa, and lateral strain, İl, indicated in this figure were measured using strain gauges, 
whereas the bulk, İv, was calculated from Eq. (1) 
 
İv = İa + 2 İl                                                                                                                                                                                            (1) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Compressive loading curves for plain mortar.  
 
 
 
 
 
 
 
Fig. 2. Compressive loading curves for steel fiber (volume fraction 0.02) reinforced mortar.  
Values of the compressive strength (ıc), elastic modulus (E) and Poisson’s ratio (ݝ), corresponding to the average 
of four compression tests, are listed in Table 1. In this table, the letters M, s and p, indicate mortar, steel fibers, 
polypropylene fibers, respectively, and the numbers 0, 7, 14 and 20 refer to fiber volume fractions (Vf) of 0, 0.007, 
0.014 and 0.02, respectively.  
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Table 1. Mechanical properties for plain and reinforced mortars. 
Mortar Vf  (%) ıc (MPa) E (GPa) ݝ 
M0 0 42.3 ± 1.3 29.0 ± 2.0 0.17 ± 0.03 
Ms7 0.7 51.7 ± 0.9 30.1 ± 2.6 0.19 ± 0.02 
Ms14 1.4 53.3 ± 0.5 31.0 ± 3.6 0.20 ± 0.03 
Ms20 2.0 49.8 ± 0.6 31.8 ± 1.9 0.22 ± 0.05 
Mp7 0.7 40.1 ± 2.0 22.5 ± 0.6 0.22 ± 0.01 
One can observe from Table 1 that the presence of the steel fibers is associated with an increase in the 
compressive strength of the mortar. However, as indicated in Fig. 3, the rate of increase in ıc decreases gradually 
with Vf, until eventually ıc starts to drop for fiber volume fraction around 0.013. The beneficial effect on the 
compressive strength of concrete due to the incorporation of steel fibers has been reported by Haktanir et al. (2006), 
Kitamura (2006), Sivakumar and Santhanam (2007) and Abu-Lebdeh et al. (2012). The achievement of an optimum 
level beyond which the compressive strength starts to decrease with the increase in Vf can be verified in the 
mentioned investigations.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Variation of the compressive strength with Vf for the steel fiber reinforced mortar. 
As indicated in Table 1, the presence of polypropylene fibers is detrimental to the compressive strength of the 
mortar, in agreement with the results reported by Freitas (2009) on lightweight structural concrete. As Table 1 also 
indicates, both E and ݝ increase with the increase in the steel fiber content. However, whereas the change in E can 
be considered within the experimental error, the increase in ݝ is seen to be appreciable. On the other hand, the 
influence of polypropylene fibers was markedly significant in decreasing E, consistent with the fact that their elastic 
modulus is much lower than that of plain mortar. 
 
Assuming isostrain loading conditions during compression tests, one may conclude that, in virtue of the high 
elastic modulus of steel, the compressive strength of the fiber reinforced mortar can in fact be higher than that of 
plain mortar, as reported in Table 1. The low modulus of polypropylene, together with a high porosity content 
brought about by the fibers, would lead to lowering the mortar’s compressive strength. 
 
Finally, the drop in ıc observed in Fig. 3 for Vf higher than 0.013 can be attributed to an increase in fiber 
contiguity and to difficulty in achieving an ideal homogenization of the fresh mortar.  
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3.2. Flexural Tests 
Typical examples of the load-displacement (P-į) curves are presented in Fig. 4, for the mortars in question. Table 
2 presents the ultimate load, Pmax, corresponding to the average of four tests together with the corresponding įmax. 
The variation of Pmax and įmax with the steel fiber fraction is shown in Figs. 5 and 6, respectively.  
 
With the presence of fibers in the mortar, the integrity of bend specimens is maintained after matrix cracking, in 
virtue of the fiber bridging mechanism. This allows the specimens to continue to deform and, therefore, to achieve 
higher load carrying capacity than that of plain mortar. Accordingly, the higher the volume fraction of fibers, the 
higher the maximum flexural load sustained by the reinforced mortar. The maximum improvement in Pmax of 
approximately 28% was achieved for steel fiber volume fraction of 0.02, with the corresponding increase in įmax 
amounting to about 38%. 
 
Results obtained by Kitamura (2006) concerning the ultimate tensile strength obtained via diametrical 
compression tests of steel fiber reinforced concrete have indicated an improvement in the strength level due to the 
presence of fibers up to 2% in volume. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
 
 
 
 
Fig. 4. Flexural loading curves of unnotched specimens for (a) M0; (b) Ms14; (c) Mp7.  
 Table 2. Maximum load (Pmax) and corresponding deflection (įmax) of unnotched bend specimens.  
Mortar Vf  (%) Pmax (kN) įmax (mm) 
M0 0 2.19 ± 0.30 0.45 ± 0.05 
Ms7 0.7 2.48 ± 0.34 0.49 ± 0.06 
Ms14 1.4 2.68 ± 0.38 0.58 ± 0.08 
Ms20 2.0 2.80 ± 0.19 0.62 ± 0.10 
Mp7 0.7 2.65 ± 0.15 0.49 ± 0.05 
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Fig. 5. Variation of the ultimate bend load (Pmax) with Vf for the steel fiber reinforced mortar. 
 
 
 
 
 
 
 
 
Fig. 6. Variation of the bend specimen deflection at maximum load (įmax) with Vf for the steel fiber reinforced mortar. 
3.3. J-integral Tests 
Examples of the load-displacement curves obtained in three point bending of precracked mortar specimens are 
shown in Fig. 7. Such curves were used to estimate J-integral values at physically significant points of the loading 
curve using Eq. 2 (Rice (1968)) 
 
)aW(B
U
J
−
=
2
                                                                                                                                                 (2) 
 
where U is the area under the P-į curve up to a selected point on the curve. Accordingly, two J parameters were 
considered, namely, Jmax corresponding to the point of maximum load and Ji referring to the point at which the 
loading curve deviates from linearity, probably indicating fracture initiation due to matrix cracking. 
 
Average values of Ui, Ji, Umax and Jmax are listed in Table 3, for the mortars in question. One can observe from 
this table that Ji and Jmax invariably increase with the increase in the steel fiber volume fraction, which can also be 
verified from Fig. 8. An increase in Ji and Jmax, over those corresponding to plain mortar, can also be observed for 
the mortar incorporating polypropylene fibers, as listed in Table 3. Further, it is noticed that the improvement in Jmax 
due to polypropylene is far superior to that associated with steel fibers of the same proportion of 0.007. This seems 
to be related to the morphology of the polypropylene fibers which are much finer than their steel counterparts. As a 
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result a greater number of fibers would contribute to the bridging effect and would control more efficiently the 
process of matrix cracking. The same argument is considered to be valid in order to explain the improvement in 
Jmax, accompanying the increase in Vf of the steel fibers. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Load-displacement curves of precracked specimens for (a) M0; (b) Ms14; (c) Mp7.  
  Table 3. Values of the integrated energy at crack initiation (Ui) and at maximum load (Umax)  and the corresponding Ji and Jmax.  
Mortar Vf  (%) Ui (N.m) Ji (J.m2) Umax (N.m) Jmax (J.m2) 
M0 0 28.3 ± 1.2 45.6 ± 1.9 28.3 ± 1.2 45.6 ± 1.9 
Ms7 0.7 36.9 ± 3.6 59.7 ± 5.7 402.0 ± 48.5 650.2±77.6 
Ms14 1.4 71.3 ± 5.8 115.8 ± 9.3 534.5 ± 40.1 867.9±64.2 
Ms20 2.0 82.1 ± 15.0 133.2 ± 12.1 690.7±73.5 1120.6±117.5 
Mp7 0.7 33.9 ± 4.0 54.8 ± 5.7 475.71 ± 54.9 767.2±87.8 
 
      
 
 
 
 
 
 
 
 
 
 
Fig. 8. Variation of Ji and Jmax with Vf for the steel fiber reinforced mortar. 
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4. Conclusions 
Based on the results obtained in the present study, the following conclusions can be drawn: 
 
• The addition of short randomly oriented steel fibers to cement mortar results in an increase in the mortar’s 
compressive strength that can be as high as 26% for a fiber volume fraction of 0.014. An increase in the 
modulus of elasticity of about 7% was observed for the same volume fraction. 
• The presence of polypropylene fibers, in a small proportion of 0.007 in volume, is associated with an 
appreciable reduction (22%) in the mortar’s elastic modulus. Less pronounced reduction (5%) in compressive 
strength was observed for the same fiber content. 
• Toughness parameters obtained from bend tests of precracked specimens indicate a 23 fold increase in the 
value of J-integral at maximum load as a result of the presence of 2%, in volume, of steel fibers. 
• Polypropylene fibers in the proportion of 0.7% by volume leads to almost 16 fold increase in Jmax, higher than 
the 13 fold increase observed for steel fibers with the same volume fraction. 
•  Flexural tests of unnotched specimens indicate a concomitant increase in the maximum load and in the 
corresponding specimen deflection, with the increase in fiber volume fraction, which is in agreement with the 
toughness results.  
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